Abstract. Low level light therapy (LLLT) has numerous therapeutic benefits, including improving wound healing, but the precise mechanisms involved are not well established; in particular, the underlying role of cytochrome C oxidase (C-ox) as the primary photoacceptor and the associated biochemical mechanisms still require further investigation. We previously showed the nitric oxide (NO) donating drug nitrosyl-cobinamide (NO-Cbi) enhances wound healing through a cGMP/cGMP-dependent protein kinase/ERK1/2 mechanism. Here, we show that the combination of LLLT and NO-Cbi markedly improves wound healing compared to either treatment alone. LLLTenhanced wound healing proceeded through an electron transport chain-C-ox-dependent mechanism with a reduction of reactive oxygen species and increased adenosine triphosphate production. C-ox was validated as the primary photoacceptor by three observations: increased oxygen consumption, reduced wound healing in the presence of sodium azide, and disassociation of cyanide, a known C-ox ligand, following LLLT. We conclude that LLLT and NO-Cbi accelerate wound healing through two independent mechanisms, the electron transport chain-C-ox pathway and cGMP signaling, respectively, with both resulting in ERK1/2 activation. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
Introduction
Low level light therapy (LLLT) is a promising modality for a variety of medical conditions, but the underlying mechanisms of LLLT warrant further investigation. [1] [2] [3] An important aspect of the mechanism is validating the photoacceptor molecule, because an absorbing molecule is necessary for light energy to be converted into chemical energy that can be used by cells. 4 The biomodulation of cellular activities has been shown to be wavelength dependent demonstrating no effect from white light at similar optical parameters to the study presented. 5 The multimolecular complexes of the electron transport system have been suggested as the light receptors, and that light increases metabolic activity. 6 LLLT increases mitochondrial activity of complexes I, II, III, IV, and succinate dehydrogenase, 7 with cytochrome C oxidase (C-ox), part of complex IV, generally accepted as the primary photoaccepting molecule. Evidence for a C-ox-dependent LLLT mechanism includes increased oxygen consumption during LLLT-the majority of total cellular oxygen consumption occurs at complex IV, 6, 8 and the absorption spectrum of C-ox intermediates is similar to the known action spectra of LLLT. 4 Changes in reactive oxygen species (ROS) [9] [10] [11] have also been reported, as well as increases in adenosine triphosphate (ATP) production. [12] [13] [14] [15] [16] [17] Increased cellular nitric oxide (NO) also occurs from either NO release from metal complexes 11 or up-regulation of the expression of inducible NO synthase (iNOS). 18 We now further validate C-ox as the primary photoacceptor because: (1) LLLT increases cellular oxygen consumption, (2) C-ox inhibition reverses wound healing induced by LLLT, and (3) LLLT decreases the intracellular concentration of cyanide, a known ligand of C-ox. Other observations include a reduction of cellular ROS and an increase in ATP production, which implies more efficient electron flow through the electron transport chain.
In separate work, we demonstrated that LLLT and nitrosylcobinamide (NO-Cbi) increased wound healing. 19, 20 Here, we demonstrate that the combination of LLLT and NO-Cbi produces much greater wound healing than either treatment alone. In addition, we show that the functional response of each modality proceeds through a different biochemical pathway: the electron transport chain and cGMP, respectively, with both resulting in ERK1/2 (extracellular signal-regulated kinase) activation.
Material and Methods

Cell Culture
U2OS human osteosarcoma cells were obtained from the American Type Tissue Culture Collection (ATCC, Rockville, Maryland). Cells were grown in T-75 flasks (Corning, Fisher, Pittsburgh, Pennsylvania) in a 37°C, 5% CO 2 ∕95% air incubator using Dulbecco's modified Eagle's medium and supplemented with 10% fetal bovine serum (Mediatach, Manassas, Virginia). Cells were trypsinized with TrypLE (Invitrogen Life Technologies, Carlsbad, California), seeded into 6-well or 96-well plates (Corning, Fisher) and grown to confluence.
Light Irradiation Devices
The light sources and parameters of delivery were previously described. 20 Briefly two light sources were used, a laser (Biolitec AG, Jena, Germany) and a light-emitting diode (LED) array (Biophotas Inc., Tustin, California) with the following parameters: Laser 652 and 806 nm with a full bandwidth of 5 nm; LED 637 and 901 nm with full bandwidths of 17 and 69 nm, respectively. The duration of treatment time for both sources was 1800 s with a power density of 5.57 and 1.30 mW∕cm 2 for the red and near infrared ranges, respectively, and with corresponding energy densities of 10.02 and 2.334. The spot diameter from the laser source was 12.5 cm. The laser and LED power were measured with a FieldMate laser power meter (Coherent, Santa Clara, California). All samples were kept under low level light or in the dark before and after irradiation.
Heat Measurements
Cell culture temperature was measured using a RAYNGER MX4 (Raytek, Santa Cruz, California) infrared-detecting thermometer/ laser temperature gun as previously described. 20 A fan was used to eliminate heat transfer from the LED circuitry. The cell culture temperature was measured before and after treatment.
Pharmacological Treatments
Cells were treated with the following compounds: 50-μM sodium azide, 100-μM sodium cyanide (Sigma-Aldrich, St. Louis, Missouri), 5-μM U1026 (Promega, Madison, Wisconsin) and 5-μM NO-Cbi.
Combined Pharmacological and Light Treatment
Cells were exposed to LLLT for 30 min and 1 h later received a single treatment of 5-μM NO-Cbi.
Preparation of NO-Cbi
Cobinamide was produced by base hydrolysis of hydroxocobalamin (Sigma-Aldrich) as described previously. 21 The cobalt was reduced from a þ3 to þ2 valency state using a twomolar excess of ascorbic acid in a deoxygenated solution. NO gas (99.99% pure, Matheson Gas Co.) was bubbled through the reduced cobinamide solution, and excess NO was removed by bubbling argon through the solution. 22 Concentrated stock solutions of NO-Cbi were diluted in deoxygenated sterile water, and the diluted NO-Cbi was added to the cells using a Hamilton syringe (Hamilton, Reno, Nevada).
Scratch Wound Closure Assay
The scratch wound closure assay has been previously described. 19 Briefly 600 to 700-μm-wide single-line scratches were mechanically generated in a cell monolayer by a 200-μl plastic tip (∼450 to 600 μm at the tip) across the length of the well. Multiple images were acquired along the length of the scratch to ensure representative sampling areas for each gap. Cells from both edges of the wound migrated into the open area, which was measured at 24 h. The change in area was quantified using a custom MATLAB script, which blurred the image and subtracted the blurred image from the original image. Smooth regions (the scratch wound) have less of a difference between the blurred and original images, thus generating a clear wound boundary. Once the boundary was determined pseudocolor was added by the custom script, which mapped the gap of the scratch wound. Images with similar intensities can be quantified using the same threshold and blur-block parameters; however, these may be adjusted for images with varying intensities. This method allowed for very accurate measurement of wound areas. The wound closure rate was determined by plotting changes in the wound area as a function of time.
MTS Cell Proliferation
U2OS cells were seeded at 2 × 10 4 per well in a 96-well plate format and incubated overnight to permit cell attachment. At 24-h post-treatment (LLLT AE NO-Cbi) cell proliferation was determined using an MTS [3(4,5-dimethylthiazol-2-yl)-5-(3-car-boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] proliferation assay (CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay; Promega, Madison, Wisconsin) according to the manufacturer's instructions. The MTS dye was added directly to the cell culture media and incubated with the cells for 2 h at 37°C. The dye absorbance at 490 nm was measured and plotted for all treatment conditions.
Microscopy
Phase contrast images were captured through a 10× magnification Ph1 na (numerical aperture) 0.25 objective (Zeiss, Jena, Germany). An inverted microscope (Axiovert 135, Zeiss) with a charge-coupled device (CCD) camera (ORCA-R 2 Hamamatsu, Bridgewater, New Jersey) was used. Images were acquired using custom Robolase II software. 23 
Cellular ROS Detection
About 2.0 × 10 4 cells were seeded into each well of a black 96-well plate and allowed to attach overnight. Cells were loaded with 25-μM cell permeant reagent (2',7'-dichlorofluorescein diacetate, DCFDA, Abcam, Cambridge, Massachusetts) for 45 min. This compound detects hydrogen peroxide, superoxide, and other ROS species. 24 Cells were then washed and treated with LLLT. ROS levels were measured immediately after LLLT treatment and detected using a plate reader with a 485-nm excitation and 535-nm emission filter set.
ATP Measurement
Cells treated as described above were exposed to LLLT. Cells were extracted immediately after LLLT treatment, and the ATP concentration in the extracts was measured according to manufacturer's instructions using the ATPLite kit (PerkinElmer Life Sciences, Boston, Massachusetts).
Oxygen Consumption
A total of 1.0 × 10 6 intact live cells were loaded into the chamber of an Oxytherm System type Clark electrode (Hansatech Instruments, Pentney, England) as a suspension after trypsinzation. Oxygen consumption rates were allowed to stabilize for 5 min prior to data acquisition by Oxygraph Plus software (Hansatech Instruments, Pentney, England). LLLT was applied to the sample while in the chamber. No respiratory substrates were added to the sample mixture as oxygen levels were measured from live cells. Oxygen consumption was measured in live cells in real time for 5 min. The rate of oxygen consumption was determined using the software curve fitting function.
Cyanide Analysis
A concentration of 100-μM NaCN dissolved in 0.1-M NaOH was administered to cell cultures in a confluent 6-well dish followed by either immediate LLLT, or no treatment. After 30 min, the culture media was harvested by aspiration, and the cells were washed three times in PBS before being extracted in situ using 1 ml of RIPA Lysis and Extraction buffer (Thermo Scientific, Rockford, Illinois). A volume of 500 μl of cell extract or media was added to the outer well of a Conway microdiffusion cell and 500 μl of 10% trichloroacetic acid (TCA) was added to the opposite side of the same well to prevent premature mixing. Next a volume of 250 μl of ice-cold 30-μM cobinamide (Cbi) in 0.1-M NaOH was added to the inner well. 21 Once the cells were capped, the TCA was mixed with the sample to convert CN − to HCN, which is volatile. The Conway cells were incubated for 25 min at room temperature to allow for the cyanide to diffuse to the center well and bind to Cbi. The solution in the center well was collected, and absorbance at 366 nm was measured using a spectrophotometer. Cyanide concentrations of the samples were determined from a standard curve.
Western Blots
Cells were serum starved overnight, lysed and harvested 8 min after treatment in Laemmli buffer heated to 100°C (BioRad, Hercules, California), and lysates were sonicated and resolved on SDS-PAGE gels. The proteins were transferred to a nitrocellulose membrane (GE Healthcare Life Sciences, Pittsburgh) and blocked for 1 h with Pierce Protein-Free Blocking buffer (Thermo Scientific). They were incubated overnight with antibodies for phospho-ERK1/2(Thr202/Tyr203) and total ERK1/2 at 1:10,000 in TBS/5% BSA (Cell Signaling Technology). Membranes were then incubated with an anti-rabbit-HRP antibody at 1∶2000 for 1 h and developed using a luminol-based chemiluminescent substrate. pERK1/2 and ERK intensity for each condition was quantified separately using ImageJ 25 and then normalized respectively to total ERK1/2 and the untreated control.
Statistical Analysis
Data are presented as mean AE standard error of the mean ðSEMÞ. Student's t-tests were used for experiments that contained only two variables, and one-way analysis of variance followed by Bonferroni's post-test was used for experiments containing three or more variables. A P value <0.05 was considered statistically significant. All experiments have been repeated at least three times with the technical replicate number indicated for each dataset. The presented data are an average of all replicates resulting from at least three separate experiments.
Results
Combination of NO-Cbi and LLLT Induces
Wound Healing Much More Effectively Than Either Treatment Alone
As we showed previously, NO-Cbi and LLLT enhance wound healing in cellular models [ Figs. 1(a) and 1(b) ]. 19, 20 We now show that combining NO-Cbi and LLLT markedly enhanced wound healing compared to either treatment alone [Figs. 1(a) and 1(b)]. This effect was observed for all LLLT wavelengths tested and for light delivered by a laser or LEDs. No statistically significant difference in cell proliferation was observed for all conditions tested compared to the untreated control [ Fig. 1(c) ].
C-ox and Electron Transport are Required for LLLT to Enhance Wound Healing
We performed several sets of experiments to determine if the effects of LLLT were mediated through the electron transport system and a C-ox-dependent mechanism. First, we found that sodium azide, a C-ox inhibitor, abolished LLLT-enhanced wound healing [ Figs. 2(a) and 2(b) ]. Second, we observed increased oxygen consumption occurred almost immediately following LLLT (Table 1) . Third, LLLT decreased ROS and increased ATP concentrations in U2OS cells [ Figs. 3(a) and 3(b) ], indicating increased electron flow through the electron transport chain. And fourth, we took advantage of the tight binding of cyanide to C-ox, and treated cells with nontoxic concentrations of cyanide, i.e., cyanide concentrations that did not reduce rates of wound healing, and then measured the intracellular cyanide concentration. We found that the cyanide concentration was significantly lower in extracts of LLLT-treated cells than in control cells (Table 2 ). These data suggest that cyanide bound to C-ox within the cell was released when the cells were exposed to LLLT, and that the cyanide diffused into the culture media. The predicted increase in the cyanide concentration in the media was extremely small (∼5 pmol), which is below the detection limit of the assay, and, indeed, we found no change in the media cyanide concentration (Table 2) . We provide a more in-depth explanation of this observation in the discussion section.
NO-Cbi-Induced and LLLT Induce ERK Activation
As shown previously, we found that NO-Cbi increased ERK1/2 activation [ Fig. 4(a) ]. LLLT also increased ERK1/2 activation at all wavelengths tested [ Fig. 4(a) ]. The combination of NO-Cbi and LLLT yielded varying degrees of ERK1/2 activation compared to individual treatments; however, differences between conditions were minimal. The scratch migration assay was conducted in combination with specific inhibitors for mitogen-activated protein kinase/extracellular-signal-regulated kinase (MEK/ERK) and C-ox using U0126 and sodium azide respectively [ Fig. 4(b) ]. The laser 652-nm wavelength was selected to investigate the interplay between light and NO-Cbi, because strong activation of the ERK1/2 pathway was observed. The U0126 inhibitor prevented both the NO-Cbi and laser 652-nm enhancement of wound healing. Sodium azide only prevented laser 652 nm while having no effect on NO-Cbi. The beneficial effect from the combined treatment of NO-Cbi and laser 652 nm was decreased when either inhibitor was used. When added alone, neither U0126 or sodium azide, had an effect on wound healing in the absence of NO-Cbi, laser 652 nm or both combined. These data indicate that both individual and combined treatments of NO-Cbi and laser 652 nm require MEK/ERK1/2.
Discussion
We identified four wavelengths of light that improved wound healing in U2OS cells and found that the combination of light and an NO donor strikingly accelerates wound healing. (c) The MTS proliferation assay showed no statistically significant differences between the untreated control. Data represent the mean AE standard error of the mean (SEM) of at least three separate experiments with n ¼ 12 (a and b) or n ¼ 6 for (c) per experiment. ****P < 0.0001, ***P < 0.001, and **P < 0.01 compared to untreated control or indicated comparison.
Consistent with our previous findings, the combined treatment appears to accelerate wound healing primarily through cell migration and to a lesser extent through cell proliferation. LLLT decreased cellular ROS concentrations and increased cellular ATP, suggesting increased electron flow through the electron transport chain following light treatment. Although a number of studies report an increase of cellular ROS resulting in activation of redox sensitive transcription factors, we observed a decrease in ROS. [26] [27] [28] There are at least two possible explanations for this difference in results: (1) LLLT triggered only a transient increase of ROS, which was no longer detectable after the 30-min treatment period used in our assay, or (2) LLLT triggered the up regulation of superoxide dismutase or catalase, which would significantly reduce cellular ROS.
Our data suggest that C-ox is the primary photoacceptor for several reasons: (1) sodium azide, a C-ox inhibitor, prevented the beneficial effect of LLLT; (2) LLLT increased oxygen consumption, and C-ox accounts for the majority of oxygen consumption within the cell; and (3) LLLT reduced intracellular cyanide, likely by releasing it from C-ox, the main cellular cyanide-binding protein. We conclude that LLLT proceeds mainly through an electron transport chain-C-ox-dependent mechanism. However, this does not exclude the possibility that other cellular chromophores absorb light and convert it to chemical energy. It is also possible that some of the oxygen consumption could be due to mitochondria uncoupling; however, we do not believe this to be the case.
Although the cyanide concentration decreased in the cell extract, no measurable change in cyanide was detected in the . A mechanical scratch wound was generated in U2OS cells, and the cells were treated with 50-μM sodium azide, a cytochrome C oxidase inhibitor. The wound closure rate was quantified after 24 h. The images being shown are at 24-h post-treatment. The green area marks the wound. Bar, 100 μm. Data represent the mean AE SEM of at least three separate experiments with n ¼ 12 per experiment. ****P < 0.0001 and ***P < 0.001 compared to untreated control.
media. This likely can be explained as follows: a total of 1.2 × 10 6 cells were present in one well of a confluent cell monolayer in 1 ml of culture medium. The volume of one U2OS cell is ∼4 pL, 29 yielding a total cell volume of 4.8 μl per well. Thus, only ∼5 pmol could diffuse into the cell media, which is below the detection limit of the assay.
We showed previously that the NO-Cbi improves wound healing through a cGMP/cGMP-dependent protein kinase/ ERK1/2 pathway, and we now show that the NO-Cbi-induced ERK1/2 activation also occurs in the presence of light. We conclude that NO-Cbi and LLLT improve wound healing through cGMP and the electron transport chain-C-ox pathway, both resulting in ERK1/2 activation. The differences observed in ERK1/2 activation may be explained by the cell types' responsiveness to the optical parameters used, however, the differences are minimal. Furthermore, we have demonstrated that ERK1/2 activation occurs for all conditions tested and appears to be required for increased wound closure. Not all wavelengths were investigated using specific inhibitors; however, laser 652 nm was investigated and found to require MEK/ERK for both combination treatment with NO-Cbi and alone. A cell extract was prepared immediately following LLLT treatment and ATP was measured using a luciferase-based assay. Data represent the mean AE SEM of at least three separate experiments with n ¼ 4 per experiment. ****P < 0.0001, ***P < 0.001, and **P < 0.01 compared to untreated control.
ROS
Low levels of nitric oxide have been associated with beneficial effects whether occurring through release from C-ox or from increased NOS activity as a result of LLLT. 30 These findings seem to suggest that C-ox can still function normally when low concentrations of nitric oxide are present. In the current study, cells were first treated with LLLT, given 1 h to allow for downstream effects to occur and then given a low dose of nitric oxide (5 μM) delivered by NO-Cbi. We think that this delay and separation of individual treatments is what allows for the observed synergistic wound healing effect. Since nitric oxide is a known inhibitor of C-ox, adding NO-Cbi too close to the LLLT treatment will inhibit the enhanced effect observed from the combined treatment.
We do not exclude the possibility that NO-Cbi and LLLT may stimulate additional pathways. Although this work was conducted in vitro, it does suggest a potential clinical application for wound healing and other areas where a low level light is used as a biostimulation agent. . The intensity of pERK1/2 expression was quantified and then normalized to the total ERK1/2 expression and the untreated control (right). (b) A mechanical scratch wound was generated in U2OS cells, and the cells were treated with 50-μM sodium azide, a C-ox inhibitor and 5-μM U0126, an MEK-specific inhibitor. The wound closure rate was quantified after 24 h. Data are representative of at least three separate experiments for (a) and data represent the mean AE SEM of at least three separate experiments with n ¼ 12 per experiment for (b). ****P < 0.0001 and *P < 0.05 compared to untreated control.
